Since the first observation of weak ferromagnetism in the charge-transfer salt κ-(BEDT-TTF)2-Cu[N(CN)2]Cl [U. Welp et al., Phys. Rev. Lett. 69, 840 (1992)], no further evidence of ferromagnetism in this class of organic materials has been reported. Here we present static and dynamic spin susceptibility measurements on κ-(BEDT-TTF)2Hg(SCN)2Br revealing weak ferromagnetism below TWF ≈ 20 K. We suggest that frustrated spins in the molecular dimers suppress long-range order, forming a spin-glass ground state in the insulating phase.
Since the first observation of weak ferromagnetism in the charge-transfer salt κ-(BEDT-TTF)2-Cu[N(CN)2]Cl [U. Welp et al., Phys. Rev. Lett. 69, 840 (1992)], no further evidence of ferromagnetism in this class of organic materials has been reported. Here we present static and dynamic spin susceptibility measurements on κ-(BEDT-TTF)2Hg(SCN)2Br revealing weak ferromagnetism below TWF ≈ 20 K. We suggest that frustrated spins in the molecular dimers suppress long-range order, forming a spin-glass ground state in the insulating phase. In the last decades, the search for ferromagnetism in low-dimensional organic charge-transfer salts has continuously attracted attention in physics, chemistry, and materials sciences. However, pure ferromagnetic organic π-electron systems containing only s− and p−valence electrons are still rare and their synthesis is a challenging problem [1] [2] [3] [4] [5] [6] , while in inorganic magnetic materials feromagnetism usually arises from transition metals or transition-metal ions (3d, 4f ), which in case of direct exchange may fulfill the Stoner criterion or in case of indirect exchange are subject to Goodenough-KanamoriAnderson rules or Zener double exchange [7] .
The organic radical salts κ-(BEDT-TTF) 2 X, where BEDT-TTF is the abbreviation of bis-(ethylenedithio)-tetrathiafulvalene, consist of alternating layers of the electron donor BEDT-TTF and electron acceptor X. In the κ-phase crystal structure the BEDT-TTF molecules stack in pairs as depicted in Fig. 1 . Here the (BEDT-TTF) 2 dimers are arranged in a two-dimensional structure rather than in a chain type. Within the BEDT-TTF layers, the molecular dimers are close to each other, allowing substantial overlap of the molecular orbitals. Since one electron is transferred from each (BEDT-TTF) 2 dimer to the anion, the conduction band is halffilled. This implies that these organic compounds are metallic enabling nearly isotropic electron motion within the layer; perpendicularly to the plane the resistivity is larger by more than one order of magnitude [8] [9] [10] .
The BEDT-TTF-based salts can be easily tuned by hydrostatic and uniaxial pressure, deuteration, or chemical substitution such that a wide range of electronic phases is obtained including paramagnetic, antiferromagnetic, spin-liquid, and superconducting ground states [11] . The best studied examples are the κ-(BEDT-TTF) 2 X compounds, where X denotes the anion such as The dimer pattern can be modeled by an almost isosceles triangular lattice that is characterized by frustration effects. An artistic view of the spin arrangement illustrates that below the metal-insulator transition at TMI = 80 K, spin frustration becomes dominant and suppresses the magnetic order. Here all spins are localized and have an antiferromagnetic coupling.
Since the inter-dimer transfer integral between the π orbitals (≈ 0.05 eV) is comparable to the on-site Coulomb repulsion (≈ 0.3 eV), electronic correlations cannot be neglected [12, 13] . In recent years substantial efforts were devoted to the study of the Mott metal-insulator transition in these compounds.
Here we want to draw the attention to the family of κ-BEDT-TTF salts with mercury-based anions [14] where the ratio of Coulomb interaction and transfer integrals is significantly smaller; correspondingly the inter-dimer coupling is more effective [15, 16] . Electrical resistivity measurements evidence that κ-(BEDT-TTF) 2 Hg(SCN) 2 Br undergoes a transition from a metallic to an insulating phase upon cooling below T MI = 80 K [16, 17] ; the origin of the transition, however, is still un-der debate. It was demonstrated [15] that the isostructural sister compound κ-(BEDT-TTF) 2 Hg(SCN) 2 Cl enters a charge-ordered state at T CO = 30 K. Comprehensive transport, dielectric, and optical investigations of the present compound κ-(BEDT-TTF) 2 Hg(SCN) 2 Br, however, do not find any evidence of charge order or structural changes [16] . This might resemble the Mott insulators κ-(BEDT-TTF) 2 
where also no indication of charge order is seen [18, 19] , yet the resistivity jump in κ-(BEDT-TTF) 2 Hg(SCN) 2 Br is rather abrupt.
In an early electron spin resonance (ESR) characterization of hydrogenated and deuterated κ-(BEDT-TTF) 2 -Hg(SCN) 2 Br reported two decades ago [20] , a first-order phase transition was supposed in the hydrogenated compound around 100 K and associated with localization of electrons on the (BEDT-TTF) 2 dimers; a transition of semiconductor-semiconductor type was suggested for the deuterated compound with possible magnetic ordering. However, low-temperature x-ray diffraction studies did not reveal any evidence of structural changes refuting a first-order transition [16] . Based on detailed magnetization and ESR investigations we could now unveil a weak ferromagnetic state at low temperatures. There is no long-range order, instead the frustrated spins form a spin glass state.
Single crystals of κ-(BEDT-TTF) 2 Hg(SCN) 2 Br were prepared following the synthesis method of Lyubovskaya and collaborators [21, 22] . It is important to note that the stable divalent state of the Hg 2+ ions (5d 10 ) is nonmagnetic and, hence, magnetism will not be hampered by any kind of valence changes like in the case of the Cubased BEDT-TTF salts; besides a majority of Cu + ions (3d 10 ) those crystals usually contain Cu 2+ ions (3d 9 ), which can strongly influence the magnetic properties [23] .
Magnetization measurements were performed at temperatures 2 ≤ T ≤ 300 K using a superconducting quantum interference device (SQUID) MPMS XL (Quantum Design). As the mass of the single crystals under investigation is only about 1 mg, the magnetization data had to be corrected by subtraction of the diamagnetic background of the sample holder, measured beforehand under the same conditions. The diamagnetic contribution of κ-(BEDT-TTF) 2 Hg(SCN) 2 Br is estimated as χ dia ≈ −5 × 10 −4 emu/mol. The ESR measurements were performed in a Bruker ELEXSYS E500-CW X-band spectrometer at 9.36 GHz frequency equipped with a standard continuous He-gas flow cryostat working in the temperature range down to 4.2 K. The samples were fixed in a quartz tube by paraffin.
In the whole temperature regime, the ESR spectra of κ-(BEDT-TTF) 2 Hg(SCN) 2 Br, displayed in Fig. 2 the Zeeman levels between the conduction electron spins. Below T ≈ 20 K comparison of zero-field cooled (ZFC) and field cooled (FC) measurements reveals a slight resonance shift, line broadening and decrease of the amplitude for the FC case [ Fig. 2(a,b) ]. This is a well-known aspect of a spin-glass behavior (see e.g Ref. 24 ). Above T ≈ 80 K the system becomes metallic and especially for the case that the microwave field is applied perpendicular to the conductive planes, the Lorentz line transforms to an asymmetrical shape (Dysonian) (Fig. 2(d) ). This is due to the skin effect, which appears in conductive compounds because of the interaction between the applied microwave field and mobile charge carriers. For the microwave field applied perpendicular to the conductive planes, shielding currents are induced in these conductive planes that drive electric and magnetic microwave components out of phase. This yields an admixture of dispersion to the absorption depending on the ratio of skin depth and sample size [25, 26] . Figure 3 contains the ESR parameters determined from the fits of the spectra measured in all three crystal directions as a function of the temperature. In the upper panel (a) the resonance field H res. is plotted, followed by the gshift ∆g, the signal intensity I ESR , and the linewidth ∆H in the lowest frame (d). The most prominent effect of the metal-insulator transition T MI is visible in the ESR intensity depicted in Fig. 3(c) . Resembling the spin suscep- tibility, in the metallic regime it is Pauli-like, i.e. approximately constant; a step indicates the metal-insulator transition at about T MI = 80 K. In the insulating regime a pronounced monotonous increase is observed with the tendency for saturation to lowest temperatures. Note that the step is largest for H b where the microwave field is oscillating perpendicular to the conductive layers, giving rise to the strongest shielding in the metallic regime. The linewidth amounts to about 50 − 60 Oe at room temperature, dependent on the orientation of the sample in the magnetic field, and increases only slightly upon decreasing temperature. As seen in Fig. 3(d) , on approaching the metal-insulator transition, ∆H increases abruptly by about 10 Oe and then decreases significantly below T = 50 K. Finally, for T < 20 K, one clearly recognizes a strong broadening of ∆H. The resonance fields [ Fig. 3(a) ] corresponding to g values close to 2 at room temperature (g a = 2.011, g b = 2.004, g c = 2.004) remain nearly unchanged on passing T MI , but develop a strong anisotropy below 20 K, which is even more pronounced considering the g-shift ∆g from its respective room-temperature value for each orientation as plotted in Fig. 3(b) . For a quantitative analysis we consider complementary measurements of the static susceptibility χ. In Fig. 4(a) , we chose the χ · T plot in order to elucidate the different temperature regimes: The strictly linear increase above T MI characterizes the Pauli-like paramagnetism. Just below T MI the descent of the curve is typical for dominant antiferromagnetic exchange interaction. On further decreasing temperature the positive curvature, which for FC conditions is most pronounced and results even in a local maximum of χ · T below ≈ 20 K, indicates competing ferromagnetic exchange as described e.g in Ref.
10. Turning to Fig. 4(c) , in the temperature range 50 < T < 80 K the system follows a strongly antiferromagnetic Curie-Weiss law χ = C/(T − Θ CW ) (magenta line) with a Curie-Weiss temperature Θ CW = −215 K and a Curie constant C = 0.33 emu/(mol K) corresponding to 0.9 electron spins per (BEDT-TTF) 2 dimer; hence within the experimental uncertainty all electron spins contribute to the susceptibility. As seen in Fig. 4(b) and (c), ZFC and FC data become distinct when the temperature is reduced below 50 K with a strongly increasing slope. While the ZFC data approach another Curie-Weiss like regime (blue line) with Θ CW = −3 K and C = 0.045 emu/(mol K), the FC data follow an Sshape curve, which finally joins the ZFC data at 2 K. As shown in the inset of Fig. 4(d) , the field-dependent magnetization reveals a soft ferromagnetic loop with a saturation at about 1.5 × 10 −2 µ B per formula unit; a hysteretic behavior could not be identified. Moreover the susceptibility evolves a significant easy-plane anisotropy to low temperatures, as illustrated in Fig. 4(b) .
Our comprehensive experimental results on κ-(BEDT-TTF) 2 Hg(SCN) 2 Br suggest, first, that the metalinsulator transition observed at T MI ≈ 80 K is not accompanied by long-range magnetic ordering, and second, around T WF ≈ 20 K a weakly ferromagnetic phase develops. In the following we will discuss these two points.
The Curie-Weiss law observed in the temperature range 50 < T < 80 K, with all electrons contributing, provide clear evidence that no long-range magnetic order exists below T MI . This behavior is characteristic for a paramagnetic phase of localized spins. The large negative Curie-Weiss temperature indicates strong antiferromagnetic exchange interactions between the spins. While in the case of the Cu-and Ag-based κ-BEDT-TTF salts, J = 200 − 300 K is reported [27] , for κ-(BEDT-TTF) 2 Hg(SCN) 2 Br we estimate J ≈ 70 K from meanfield theory. This value is in a good agreement with that estimated for a dipole solid using a tight-binding approximation (J = 80 K) [28] . It was also found by the same authors that the frequency of dipole fluctuations, i.e. the exchange rate between two states, is around 40 cm −1 (≈ 86 T). Again this value is in line with our estimation of the exchange field H ex ≈ 78 T, obtained by AndersonWeiss molecular-field model [29] .
We can definitely rule out any pairing of the spins, as they would not contribute to the susceptibility. Moreover, it is important to note that the g-values do not change at T MI = 80 K, i.e. the average position of the electron on the BEDT-TTF 2 molecules does not depend on its mobility. This finding strongly supports the absence of charge order deduced from vibrational spectroscopy [16] . When the electrons become localized, they remain randomly distributed on the (BEDT-TTF) 2 dimers, but do not occupy a certain molecular site.
The triangular structure of the (BEDT-TTF) 2 layers causes strong geometrical frustration of the antiferromagnetic exchange interaction. The fact that both static susceptibility and ESR intensity deviate from the CurieWeiss law below T ≈ 50 K indicates some kind of magnetic transition. In particular below 20 K a significant increase of the magnetic susceptibility is observed. The comparison of FC and ZFC susceptibilities and ESR spectra as well as the field dependence of the magnetization at low temperature indicates a weak ferromagnetic polarization. Additionally, the g-values reveal an increasing anisotropy below 20 K accompanied by inhomogeneous line broadening. Indeed the shift of the resonance field to higher fields (negative g-shift) for H a, i.e. perpendicular to the platelet shaped crystal, as well as the opposite behavior for the magnetic field applied within the bc-plane are typical signs for demagnetizaton effects in ferromagnetic platelets.
Let us return to the field dependent magnetization measurements, indicating a saturation around 15 × 10 −3 µ B /formula unit. This value is one order of magnitude larger than that in κ-(BEDT-TTF) 2 Cu[N(CN) 2 ]Cl (8 × 10 −4 µ B /formula) [30] , which was interpreted as a canted antiferromagnet. Below T N = 27 K that compound orders antiferromagnetically [31] ; however, the ordering is accompanied by weak ferromagnetism due to the canting of the antiparallel spins [30] . Multi-frequency ESR measurements identified a paramagnetic resonance but also the shift to the antiferromagnetic resonance below T N [33] [34] [35] . The antiferromagnetic modes can be well explained only by taking into account the Dzyaloshinsky and Moriya interaction [36] [37] [38] [39] [40] . However neither such antiferromagnetic mode nor the separation of any highfrequency mode at the ordering temperature has been observed in κ-(BEDT-TTF) 2 Hg(SCN) 2 Br. Therefore, we conclude that in the present case another mechanism drives the weak ferrromagnetism observed.
To unravel the underlying mechanism, we recall that in κ-(BEDT-TTF) 2 Hg(SCN) 2 Br frustration -due to the triangular lattice -and disorder -due to the absence of charge order and random localization -are both present; hence, a spin-glass-like ground state can be expected as sketched in Fig. 1 . Indeed frustration impedes antiferromagnetic order; and disorder is able to drive weak ferromagnetism. These conclusions are supported by the model of McConnell [41] , who proposed a theory for spindensity -spin-density interaction in a stack of π-electron molecules. He considered the spin Hamiltonian for a pair of molecules. Due to the spin polarization, positive and negative spin densities are found in different atoms of each molecule. It was seen that when the molecules are exactly stacked on each other, the intermolecular exchange energy becomes negative when the spins of a pair of molecules are antiparallel, that is, the molecules are antiferromagnetically coupled. On the other hand, when the atoms of positive spin density of one molecule are most strongly coupled to atoms of negative spin density in the neighbor, the intermolecular interaction energy becomes negative for parallel spins. The stacked molecules are then ferromagnetically coupled to each other. With other words weak ferromagnetism arises from the disorder due to random localization of the electrons on the (BEDT-TTF) 2 dimers, i.e. the general antiferromagmetic exchange is modulated by disorder in the spin density on each molecular dimer, thus giving rise to locally ferromagnetic alignment of neighboring spins.
To summarize our ESR and susceptibility study of κ-(BEDT-TTF) 2 Hg(SCN) 2 Br, on passing the metalinsulator transition at T MI ≈ 80 K, the conduction electrons localize at the (BEDT-TTF) 2 molecular dimers, but -different from a Mott transition -without formation of long-range antiferromagnetic order. Instead, geometric frustration keeps the antiferromagnetically coupled spin system in a paramagnetic state, as proven by the Curie-Weiss law of the susceptibility. Below about T WF ≈ 20 K a weakly ferromagnetic behavior shows up. Taking into account that there is no charge order below T MI , disorder in the related spin-density of neighboring (BEDT-TTF) 2 molecular dimers locally gives rise to ferromagnetic interactions. Regarding the field-cooling induced enhancement of the susceptibility at low temperatures, we suggest the evolution of a weakly ferromagnetic spin-glass state below T WF resulting from geometric frustration within the (BEDT-TTF) 2 layers and disorder of charge and spin density on each (BEDT-TTF) 2 
